Eph-ephrin bidirectional signaling is essential for eye lens transparency in humans and mice. Our previous studies in mouse lenses demonstrate that ephrin-A5 is mainly expressed in the anterior epithelium, where it is required for maintaining the anterior epithelial monolayer. In contrast, EphA2 is localized in equatorial epithelial and fiber cells where it is essential for equatorial epithelial and fiber cell organization and hexagonal cell shape. Immunostaining of lens epithelial and fiber cells reveals that EphA2 and ephrin-A5 are also co-expressed in anterior fiber cell tips, equatorial epithelial cells and newly formed lens fibers, although they are not precisely colocalized. Due to this complex expression pattern and the promiscuous interactions between Eph receptors and ephrin ligands, as well as their complex bidirectional signaling pathways, cataracts in ephrin-A5(-/-) or EphA2(-/-) lenses may arise from loss of function or abnormal signaling mechanisms. To test whether abnormal signaling mechanisms may play a role in cataractogenesis in ephrin-A5(-/-) or EphA2(-/-) lenses, we generated EphA2 and ephrin-A5 double knockout (DKO) mice. We compared the phenotypes of EphA2(-/-) and ephrin-A5(-/-) lenses to that of DKO lenses. DKO lenses displayed an additive lens phenotype that was not significantly different from the two single KO lens phenotypes. Similar to ephrin-A5(-/-) lenses, DKO lenses had abnormal anterior epithelial cells leading to a large mass of epithelial cells that invade into the underlying fiber cell layer, directly resulting in anterior cataracts in ephrin-A5(-/-) and DKO lenses. Yet, similar to EphA2(-/-) lenses, DKO lenses also had abnormal packing of equatorial epithelial cells with disorganized meridional rows, lack of a lens fulcrum and disrupted fiber cells. The DKO lens phenotype rules out abnormal signaling by EphA2 in ephrin-A5(-/-) lenses or by ephrin-A5 in EphA2(-/-) lenses as possible cataract mechanisms. Thus, these results indicate that EphA2 and ephrin-A5 do not form a lens receptor-ligand pair, and that EphA2 and ephrin-A5 have other binding partners in the lens to help align differentiating equatorial epithelial cells or maintain the anterior epithelium, respectively.
Introduction
Bidirectional signaling mediated by Eph receptor tyrosine kinases and membrane-anchored ephrins is a major form of cell-contactdependent communication that plays important functions in a broad range of cell-cell recognition events, including axon pathfinding, early segmentation and organ morphogenesis (Arvanitis and Davy, 2008; Himanen et al., 2007; Kullander and Klein, 2002) . Eph receptors mediate forward signaling in one cell while ephrin ligands transmit reverse signaling in an adjacent cell (Davy et al., 1999; Holland et al., 1996) . In addition, Ephs and ephrins can also signal independently of each other (Barquilla and Pasquale, 2015) . The Eph protein family includes 14 different members, divided into EphA (1e8 and 10) and EphB (1e4 and 6) classes. Ephrin ligands are divided into ephrin-A (1e5) and ephrin-B (1e3). EphAs preferentially bind to glycosyl-phosphatidylinositol (GPI)-anchored ephrin-A ligands while EphBs bind to transmembrane ephrin-B ligands. Each receptor can interact with multiple ligands and vice versa. Cross interactions between EphAs and ephrin-Bs or EphBs and ephrin-As can also occur (Himanen et al., 2004; Takemoto et al., 2002) . Complementary or overlapping expression of Ephs and ephrins suggests diverse functions in development and in maintaining homeostasis (Poliakov et al., 2004) .
Cataracts, defined as any opacity in the lens, remain the leading cause of blindness in the world (Asbell et al., 2005) . Recent work, including our studies, show that Eph-ephrin bidirectional signaling is needed to establish and/or maintain life-long lens transparency. EphA2 and ephrin-A5 mutations are linked to congenital and agerelated cataracts in humans and mice (Celojevic et al., 2015; Cheng et al., 2013; Cheng and Gong, 2011; Cooper et al., 2008; Jun et al., 2009; Kaul et al., 2010; Lin et al., 2014; Masoodi et al., 2012; Park et al., 2012; Shi et al., 2012; Shiels et al., 2008; Sundaresan et al., 2012; Tan et al., 2011; Zhang et al., 2009 ). EphA2 mutations cause human congenital dominant (Dave et al., 2013; Li et al., 2016; Park et al., 2012; Zhang et al., 2009 ) and recessive cataracts (Kaul et al., 2010) , and non-synonymous SNPs in the EphA2 and ephrin-A5 genes have been linked to human age-related cataracts (Dave et al., 2013; Lin et al., 2014; Masoodi et al., 2012; Shiels et al., 2008; Sundaresan et al., 2012; Tan et al., 2011) . In mice, loss of EphA2 or ephrin-A5 lead to distinct lens phenotypes, consistent with the different lens cell types in which they are predominantly expressed (Cheng et al., 2013; Cheng and Gong, 2011; Cooper et al., 2008; Jun et al., 2009; Shi et al., 2012; Son et al., 2013) . The eye lens contains two major cell types, epithelial cells, which form a monolayer covering the anterior surface of the lens, and fiber cells which form the bulk of the lens (Piatigorsky, 1981) . Ephrin-A5 is predominantly expressed in the quiescent anterior lens epithelial cells, while EphA2 is in differentiating epithelial cells at the lens equator and in fiber cells (Cheng et al., 2013; Cheng and Gong, 2011; Cooper et al., 2008; Jun et al., 2009; Son et al., 2013) . There is no obvious subcellular colocalization of ephrin-A5 and EphA2 in the lens (Cheng and Gong, 2011) .
Loss of ephrin-A5 leads to abnormal localization of E-cadherin and b-catenin in anterior epithelial cells along with epithelialmesenchymal-transition (EMT) and aberrant expression of asmooth muscle actin in these epithelial cells (Cheng and Gong, 2011) . The severity of the cataract phenotype depends on the strain background of the mice. In the C57BL6 background, ephrin-A5 knockout [(-/-)] lenses often develop anterior cataracts that are directly correlated with the disruption of the anterior epithelial monolayer, but have no obvious defects in fiber cells (Cheng and Gong, 2011) . In contrast, mixed background (129/SV/C57BL6) ephrin-A5(-/-) mice displayed severe fiber cell degeneration, nuclear cataracts and lens rupture (Biswas et al., 2016; Cooper et al., 2008; Son et al., 2013) . EphA2(-/-) is associated with disruption of the actin cytoskeleton, cell shape and perturbed organization of equatorial lens epithelial cells (Cheng et al., 2013) , along with misaligned and disorganized fiber cells (Cheng et al., 2013; Cheng and Gong, 2011; Jun et al., 2009; Shi et al., 2012) . The cataract phenotype varies depending on how the knockout mouse line was generated and the mouse strain background. EphA2(-/-) mice generated by a gene trapping method in the FVB/NJ background develop cortical cataracts that progress to whole cataracts and lens rupture with age (Jun et al., 2009 ). This severe and progressive cataract phenotype is associated with an increased stress response reflected by elevated Hsp27 levels in EphA2(-/-) lenses (Jun et al., 2009) . In contrast, EphA2(-/-) mice created by targeted gene disruption in the C57BL6 background develop mild nuclear cataracts (Cheng et al., 2013) . Our work shows that EphA2 likely signals through Src and cortactin to recruit actin to the vertices of hexagonal equatorial epithelial cells, controlling the alignment of meridional rows and hexagonal packing of fiber cells (Cheng et al., 2013) . Abnormal fiber cell packing in the absence of EphA2 likely results in changes in refractive index and fiber cell orientation (Shi et al., 2012) , leading to nuclear cataracts (Cheng et al., 2013) . The variable phenotypes of ephrin-A5(-/-) and EphA2(-/-) lenses in different strain backgrounds suggest that genetic modifiers affect cataract severity and influence whether defects are primarily in epithelial vs. fiber cells. We will focus this study on mice in the C57BL6 background.
The distinct knockout lens phenotypes in the C57BL6 mouse background (Cheng et al., 2013; Cheng and Gong, 2011) had led us to the assumption that EphA2 and ephrin-A5 function in different cell types via separate pathways using other partners in the lens. On the other hand, the variable cataract phenotypes in different genetic backgrounds led others to propose that EphA2 and ephrin-A5 are a receptor-ligand pair in the lens, but with no direct evidence to support this hypothesis (Cooper et al. PNAS, 2008; Shi et al., IOVS, 2011; Son et al. Mol Vis, 2013) . However, both of these interpretations are likely over-simplified. Due to the complex nature of bidirectional Eph-ephrin signaling, the loss of a receptor or ligand can trigger either loss of function or abnormal signaling mechanisms in the same or neighboring cells, resulting in cataractogenesis. Therefore, cataracts in single knockout ephrin-A5(-/-) or EphA2(-/-) lenses may arise from at least three possible mechanisms: (1) the loss of the receptor or ligand disrupts normal signaling in lens epithelial cells (loss of function), (2) the receptor or ligand that normally interacts with ephrin-A5 or EphA2, respectively, binds to new partners in the knockout, leading to abnormal signaling to affect epithelial cell phenotypes or (3) in the case of ephrin-A5(-/-) lenses, the uncoupled receptor may autophosphorylate leading to non-ligand-mediated receptor clustering, self-activation and EMT (abnormal noncanonical signaling) (Barquilla et al., 2016; Miao et al., 2009; Yang et al., 2011; Zhou et al., 2015) . Thus, to clarify whether EphA2 and ephrin-A5 are a lens receptor-ligand pair leading to KO cataract phenotypes due to abnormal signaling mechanisms, we used a genetic approach. We also have carefully re-examined the localization of ephrin-A5 and EphA2 in the lens and determined the phenotype and cell morphology of GFP-positive (GFPþ) EphA2 and ephrin-A5 double knockout (DKO) lenses. Our results indicate that EphA2 and ephrin-A5 do not function in the same pathways in the lens and therefore are not a lens receptor-ligand pair.
Material and methods

Mice
Mouse care and breeding were performed in accordance with an approved animal protocol (UC Berkeley Animal Care and Use Committee) and with the National Institutes of Health guide for the care and use of laboratory animals. All mice were maintained in the C57BL/6 J background with wild-type Bfsp2 (CP49) genes and one copy of the GFP transgene. Non-GFP and GFP þ wild-type (WT), ephrin-A5(-/-) and EphA2(-/-) mice were generated and maintained as previously described (Cheng et al., 2013; Cheng and Gong, 2011; Frisen et al., 1998; Okabe et al., 1997) . GFP þ EphA2(-/-) ephrin-A5(-/-) DKO mice were generated by intercrossing EphA2(-/-) and GFP þ ephrin-A5(-/-) mice and then intercrossing GFPþ and non-GFP double heterozygous offspring. GFP þ mouse pups were screened using a handheld UV lamp. A standard PCR method (Gong et al., 1997) with previously described primers were used for genotyping (Cheng et al., 2013; Cheng and Gong, 2011; Frisen et al., 1998) .
Immunostaining lens capsule flat mounts
Lens capsule flat mounts with attached epithelial and peripheral fiber cells were prepared from postnatal day 21 (P21) non-GFP WT mouse lenses as previously described (Cheng et al., 2013; Cheng and Gong, 2011) . Briefly, freshly dissected lenses were flash fixed in cold 100% methanol for 45 s. Lens capsules (along with attached epithelial and peripheral fiber cells) was gently dissected away from the fiber cell mass using radial cuts. Capsules were blocked (10% normal donkey serum and 0.3% Triton X-100) for 1 h at room temperature before staining with goat anti-EphA2 (R&D Systems) and rabbit anti-ephrin-A5 (Invitrogen) primary antibody overnight at 4 C. Primary antibody incubation was followed washing and then incubation in appropriate fluorescent secondary antibodies (Jackson ImmunoResearch Laboratories) for 2 h at room temperature. Lens capsules were then washed and flat mounted with DAPI VectorShield mounting medium (Vector Laboratories, Inc.). Z-stack images were collected by a Zeiss LSM700 confocal microscope, and 3D images were reconstructed from z-stack data collected at 0.38 mm steps using the ZEN software. Antibody specificity was tested previously using knockout tissues (Cheng and Gong, 2011).
GFP þ lens imaging
P21 mouse lenses were dissected from enucleated eyeballs and immediately immersed in 1X PBS. Lens pictures were acquired with a Leica MZ16 dissecting scope using a digital camera. Images of GFP þ lens epithelial and fiber cells with mosaic GFP expression pattern (Cheng et al., 2008; Shestopalov and Bassnett, 2003) were collected as previously described (Cheng et al., 2013; Cheng and Gong, 2011) . Briefly, freshly dissected lenses were maintained in phenol-red free DMEM at 37 C on the microscope stage for imaging. Confocal images were acquired using a Zeiss LSM700 confocal microscope. Z-stack images of anterior lens epithelium and lens equator were collected with 0.5 mm z-steps and analyzed using the ZEN 2010 software. At least six lenses of each genotype from three different mice were examined.
Lens whole mount staining
Whole mount lens staining for cell membranes using rhodamine-conjugated wheat germ agglutinin (WGA, Vector Laboratories, Inc.) and for nuclei using DAPI VectorShield mounting medium (Vector Laboratories, Inc.) was performed as previously described (Cheng et al., 2013) . Briefly, a small posterior opening was made in enucleated P21 eyeballs, and eyeballs were fixed in freshly made 4% paraformaldehyde for 30 min on ice. Eyeballs were then gently washed in 1X PBS twice and then incubated in 1X PBS at room temperature overnight. After overnight incubation, lenses were dissected from the eyes and then permeablized and blocked with 3% BSA, 3% normal goat serum, 0.3% Triton X-100 for 15 min at room temperature. Then, lenses were incubated for 30 min at room temperature in DAPI VectorShield mounting medium. Following this incubation lenses were washed with 1X PBS and then incubated in WGA for 30 min at room temperature. Finally lenses were washed again in 1X PBS before imaging as described above. Staining was repeated at least 3 times, and representative results are shown.
Results
We first determined the localization of EphA2 and ephrin-A5 proteins in lens epithelial and fiber cells by immunolabeling lens capsule flat mounts using specific antibodies previously validated using KO tissue (Cheng and Gong, 2011) . As we had shown previously (Cheng and Gong, 2011) , ephrin-A5 immunostaining signals are in small puncta in anterior epithelial cells and EphA2 is present in the anterior fiber cell tips (Fig. 1A) . However, closer examination in a 3D reconstruction of a z-stack reveals that small ephrin-A5 puncta are also present in the anterior tips of lens fibers (Fig. 1B, arrows) . While there is no obvious colocalization of the ephrin-A5 and EphA2 immunostaining signals, the two proteins are co-expressed in anterior fiber cell tips and in neighboring cells. Thus, it is possible that ephrin-A5-bearing anterior epithelial cells may interact with EphA2-bearing fiber cells to launch a bidirectional signaling pathway. We also examined the localization of ephrin-A5 and EphA2 in equatorial epithelial cells and newly formed lens fiber cells in lens capsule flat mounts. We find that EphA2 staining is predominantly at the membrane of equatorial epithelial and fiber cells (Fig. 1C) , consistent with our previous data (Cheng et al., 2013) . Interestingly, we find that ephrin-A5 puncta are also present in equatorial epithelial cells (Fig. 1C) , and a 3D reconstruction at the bow region of the lens reveals small puncta of ephrin-A5 in newly formed fiber cells (Fig. 1D, arrows) . There is no obvious colocalization of the EphA2 and ephrin-A5 staining signals in these cells. Thus, in addition to anterior fiber cell tips, EphA2 and ephrin-A5 are coexpressed in equatorial epithelial cells and newly formed fiber cells (Fig. 2A) . Although there is no apparent colocalization of EphA2 and ephrin-A5 immunostaining signals, we cannot rule out that these two proteins may facilitate signaling between anterior epithelial cells and fiber cell tips, or between neighboring equatorial epithelial or fiber cells where they are co-expressed.
Our previous work had presumed that a loss of function mechanism was the explanation for the cataract phenotypes, and due to the divergent single KO phenotypes, we suggested that EphA2 and ephrin-A5 have other partners in the lens. However, the fact that ephrin-A5 and EphA2 are co-expressed in some cell populations in the lens necessitates a reevaluation of the proposed abnormal signaling cataract mechanisms. For example, in the absence of ephrin-A5, the receptor that normally interacts with ephrin-A5 (possibly EphA2) may bind a different ligand or selfactivate through non-canonical autophosphorylation to trigger cell-cell adhesion dysfunction and EMT in the anterior epithelial cells (Fig. 2B) . Similarly, it is possible that, in the absence of EphA2, the ligand that interacts with EphA2 (possibly ephrin-A5) disrupts equatorial cell organization by signaling through a different Eph receptor (Fig. 2C) . Thus, to rigorously test whether aberrant bidirectional signaling via EphA2 causes ephrin-A5(-/-) anterior cataracts (abnormal signaling via interactions with another ligand or non-canonical signaling) or if atypical ephrin-A5 signaling leads to changes in EphA2(-/-) equatorial epithelial cells (abnormal signaling via interactions with another receptor), we generated DKO mice.
Our previous studies showed that EphA2(-/-) and ephrin-A5(-/-) lenses develop distinct congenital cataracts (Cheng et al., 2013; Cheng and Gong, 2011) . In the C57BL6 strain background, ephrin-A5(-/-) lenses often display anterior cataracts due to EMT in anterior epithelial cells, while EphA2(-/-) lenses have mild nuclear opacities associated with disruptions in the organization and alignment of equatorial epithelial and fiber cells (Cheng et al., 2013; Cheng and Gong, 2011) . At P21, DKO lenses displayed features present in the single KO lenses, including anterior cataracts like the ephrin-A5(-/-) lens (Fig. 3B and D arrowhead) and mild nuclear opacity, similar to the EphA2(-/-) lens (Fig. 3C and D, arrows) . Examination of lenses containing a GFP-transgene showed the expected mosaic GFP pattern in anterior epithelial cells from both GFP þ WT and GFP þ EphA2(-/-) lenses ( Fig. 3D and F) . Anterior epithelial cells in these lenses were uniform in size and shape with a normal cobblestone-packing pattern. In contrast, ephrin-A5(-/-) and DKO lenses had altered anterior epithelial cells (Fig. 3E and G, dashed ellipses) with a cluster of aberrantly shaped cells invading the underlying fiber cell layer ( Fig. 3I and K) , which corresponds directly to anterior cataracts in ephrin-A5(-/-) and DKO lenses ( Fig. 3B and D, arrowheads) . WT and EphA2(-/-) lenses had normal anterior Y-sutures ( Fig. 3H and J) . In ephrin-A5(-/-) and DKO lenses without an anterior cataract, the anterior Y-suture also appears normal (data not shown). These results are consistent with our previous report (Cheng and Gong, 2011) and suggest that DKO anterior epithelial cells are probably undergoing EMT. Since the anterior epithelial cell defect is unchanged in the DKO lenses, we can conclude the EphA2 does not aberrantly signal in the absence of ephrin-A5 to cause EMT in these cells and that EphA2 and ephrin-A5 are not paired in anterior epithelial and fiber cells. . It would be unlikely in this loss of function mechanism for EphA2 to be the receptor due to the divergent phenotypes between EphA2(-/-) and ephrin-A5(-/-) lenses. Alternatively, the ephrin-A5(-/-) lens phenotype might be a consequence of abnormal signaling due to EphA2 binding to a different ligand or self-activating through non-canonical autophosphorylation. (C) In EphA2(-/-) lenses, disorganization of equatorial epithelial cells (EC) may be caused by loss of function. In the loss of function mechanism, ephrin-A5 is unlikely to be the ligand interacting with EphA2 because of the vast differences in EphA2(-/-) versus ephrin-A5(-/-) lens phenotypes. However, it is possible that in the absence of EphA2, ephrin-A5 interacts with another receptor causing abnormal signaling in equatorial epithelial cells. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
We further examined equatorial epithelial and fiber cells in GFP þ lenses. In WT and ephrin-A5(-/-) lenses, equatorial epithelial cells are hexagon-shaped and organized into meridional rows (below white dashed line in Fig. 4AeB) , and newly differentiating fiber cells are straight, uniform in width and precisely aligned (Fig. 4EeF) . In contrast, similar to EphA2(-/-) cells, abnormally shaped DKO equatorial epithelial cells failed to form organized meridional rows (Fig. 4CeD) , leading to wavy and disorganized fiber cells (Fig. 4GeF) . We stained whole mount lenses to better visualize the defect in the meridional rows and determine whether there are changes at the lens fulcrum (Cheng et al., 2013; Sugiyama et al., 2009) or modiolus (Zampighi et al., 2000) , where the apical tips of elongating equatorial epithelial cells constrict to form an anchor point before fiber cell elongation and migration. Whole mount lens staining with DAPI revealed that while the nuclei of WT and ephrin-A5(-/-) equatorial epithelial cell nuclei were well aligned into meridional rows (Fig. 4IeJ, arrowheads) , there were many misaligned nuclei in EphA2(-/-) and DKO lenses (Fig. 4KeL , arrows) in disrupted meridional rows. WGA staining of cell membranes show that WT and ephrin-A5(-/-) lenses have a distinct lens fulcrum (Fig. 4MeN, arrows) while EphA2(-/-) and DKO equatorial epithelial cells do not form a fulcrum ( Fig. 4O-P) . Our data indicates that DKO lenses have similar equatorial epithelial cell defects as we showed previously in EphA2(-/-) lenses (Cheng et al., 2013) . These data indicate that ephrin-A5 is not involved in the organization of equatorial epithelial cells and that disorganization of EphA2(-/-) equatorial epithelial and fiber cells is not attributed to abnormal ephrin-A5 signaling. 
Discussion
This work clearly demonstrates that DKO lenses have an additive phenotype, with anterior epithelial cell defects that resemble ephrin-A5(-/-) lenses, together with equatorial epithelial cell and fiber cell misalignment defects that resemble EphA2(-/-) lenses (Fig. 5A ). This simple additive DKO phenotype that is not significantly different from single KO phenotypes, indicates that EphA2 and ephrin-A5 do not function in similar pathways in the lens, and do not form a receptor-ligand pair in the lens. This clearly demonstrates that other Ephs and ephrins must interact with ephrin-A5 and EphA2, respectively. Our work also suggests that possible loss of function or abnormal signaling cataract mechanisms in EphA2(-/-) or ephrin-A5(-/-) lenses do not involve ephrin-A5 nor EphA2, respectively (Fig. 5BeC) . Based on these results, we hypothesize that ephrin-A5 interacts with another Eph receptor to regulate the integrity of anterior epithelial cells, while EphA2 interacts with another ephrin to control the alignment of lens epithelial cells as they differentiate and organize into rows of hexagon-shaped equatorial epithelial and fiber cells. Alternatively, EphA2 may operate via a ligand-independent non-canonical signaling mechanism in differentiating equatorial epithelial and fiber cells (Barquilla et al., 2016; Miao et al., 2009; Yang et al., 2011; Zhou et al., 2015) . (I and J, arrowheads) . However, loss of EphA2 in single KO and DKO lenses leads to disorganized cell nuclei (K and L, arrows) and disrupted meridional rows. Scale bar, 25 mm (MeP) WGA staining of cell membranes in whole mount P21 WT, ephrin-A5(-/-), EphA2(-/-) and DKO lenses. Imaging at the lens equator near the cortex reveals that the lens fulcrum is strongly stained by WGA in WT and ephrin-A5(-/-) lenses (M and N, arrows) . In contrast, Epha2(-/-) and DKO lenses lack a well-defined lens fulcrum (O and P). Scale bar, 25 mm.
Although it is clear that EphA2 and ephrin-A5 play important roles in the lens, the ephrin ligands and Eph receptors that interact with EphA2 and ephrin-A5, respectively, in the lens remain unknown. Based on interactions in other cells and tissues (Himanen et al., 2010; Li et al., 2009; Park et al., 2012; Shaw et al., 2014) , others have theorized that EphA2-ephrin-A5 is a receptor-ligand pair in the lens (Cooper et al., 2008; Shi et al., 2012; Son et al., 2013) . However, EphA2 is known to interact with other ligands, including ephrin-A1 (Hess et al., 2006; Miao et al., 2000 Miao et al., , 2001 Ojima et al., 2006; Rodriguez et al., 2016; Sabet et al., 2015; Wiedemann et al., 2017; Yeddula et al., 2015; Youngblood et al., 2016; Zantek et al., 1999) and ephrin-B3 (Efazat et al., 2016) . Ephrin-A5 is also known to pair up with other Eph receptors, including EphA3 (Carvalho et al., 2006; Forse et al., 2015) , EphA4 (Orsulic and Kemler, 2000; Yumoto et al., 2008) , EphA8 (Yoo et al., 2010) and EphB2 (Himanen et al., 2004) .
The promiscuous nature of Eph receptors and ephrin ligands raises the complex possibility of orphaned receptors or ligands finding different partners in KO tissues, thereby initiating abnormal signaling or orphaned receptors that engage in aberrant noncanonical signaling. While abnormal signaling mechanisms with different binding partners have not been explicitly described in KO tissues, Ephs and ephrins are known to interact with multiple partners and change partners depending on the complement of ligands and receptors expressed in the neighboring cell type (Rohani et al., 2014) . In addition, receptor-ligand pairs can produce competing signals in the same cell, and loss of the dominant signaling pathway may allow the competing pathway to change cell behavior (Astin et al., 2010) . Eph receptor canonical signaling is induced by ephrin ligand binding leading to autophosphorylation on tyrosine residues (such as Y588 in EphA2) and increased kinase activity (Lisabeth et al., 2013) . EphA2 can also signal in a noncanonical manner that depends on phosphorylation of S897 by several serine/threonine kinases (Barquilla et al., 2016; Miao et al., 2009; Yang et al., 2011; Zhou et al., 2015) . Previous work in cancer cells has demonstrated that EphA2 non-canonical signaling leads to an invasive phenotype while canonical signaling can have the opposite effect (Gopal et al., 2011; Miao et al., 2009; Stahl et al., 2011) . This suggests that the EMT phenotype in ephrin-A5(-/-) anterior epithelial cells could be explained by a loss of canonical signaling mediated by an Eph receptor coexpressed in these cells with ephrin-A5, abnormal non-canonical signaling by an Eph receptor, or a combination of both (Fig. 5B) . It is interesting to note that in our KO lenses, loss of ephrin-A5 only affects a subset of anterior epithelial cells and does not affect the equatorial epithelial or fiber cells. Similar to other KO or transgenic lenses (Banh et al., 2006; Lovicu et al., 2004; Shin et al., 2012; Sugiyama et al., 2015) , EMT in ephrin-A5(-/-) lenses occurs in a subpopulation of anterior epithelial cells. While anterior epithelial cells are often considered a homogenous monolayer, biological heterogeneity can occur through genetic and environmental factors that can create distinct cell subpopulations, similar to cancer cells within a tumor (Burrell et al., 2013; Easwaran et al., 2014) . Ephrin-A5 is expressed in both anterior and equatorial epithelial cells, and this ligand may have different partners and, therefore, unique functions in these different cell populations. At present, it is not clear which other Ephs and ephrins are utilized in the lens and whether both canonical and non-canonical Eph signaling occurs in the lens. The complex nature of these possible signaling pathways requires a more thorough investigation to reveal which other Ephs and ephrins are required for normal lens homeostasis, which are receptorligand pairs in the lens and the mechanisms for how canonical and/ or non-canonical Eph and ephrin signaling establish and maintain lens transparency.
